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Abstract 
The collective purpose of these two studies was to determine a link between the V02 
slow component and the muscle activation patterns that occur during cycling. Six, 
male subjects performed an incremental cycle ergometer exercise test to determine a 
sub-TvENT (i.e. 80% of TvENT) and supra-TvENT (TvENT + 0.75*(V02 max - TvENT) 
work load. These two constant work loads were subsequently performed on either 
three or four occasions for 8 mins each, with V02 captured on a breath-by-breath basis 
for every test, and EMO of eight major leg muscles collected on one occasion. EMG 
was collected for the first 10 s of every 30 s period, except for the very first 10 s 
period. The V02 data was interpolated, time aligned, averaged and smoothed for both 
intensities. Three models were then fitted to the V02 data to determine the kinetics 
responses. One of these models was mono-exponential, while the other two were bi-
exponential. A second time delay parameter was the only difference between the two 
bi-exponential models. An F-test was used to determine significance between the bi-
exponential models using the residual sum of squares term for each model. EMO was 
integrated to obtain one value for each 10 s period, per muscle. The EMG data was 
analysed by a two-way repeated measures ANOV A. A correlation was also used to 
determine significance between V02 and IEMG. The V02 data during the sub-TvENT 
intensity was best described by a mono-exponential response. In contrast, during 
supra-TvENT exercise the two bi-exponential models best described the V02 data. The 
resultant F-test revealed no significant difference between the two models and 
therefore demonstrated that the slow component was not delayed relative to the onset 
of the primary component. Furthermore, only two parameters were deemed to be 
significantly different based upon the two models. This is in contrast to other findings. 
The EMG data, for most muscles, appeared to follow the same pattern as V02 during 
both intensities of exercise. On most occasions, the correlation coefficient 
demonstrated significance. Although some muscles demonstrated the same relative 
increase in IEMO based upon increases in intensity and duration, it cannot be assumed 
that these muscles increase their contribution to V02 in a similar fashion. Larger 
muscles with a higher percentage of type II muscle fibres would have a larger increase 
in V02 over the same increase in intensity. 
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Chapter 1.0 - INTRODUCTION 
During constant work-rate, low intensity exercise, the oxygen consumption (V02) 
response, as measured at the mouth, achieves steady-state within approximately 3 
min in healthy individuals. However, during high intensity exercise (ie. above a 
critical exercise intensity known as the ventilatory threshold (TvENT), also referred to 
as the lactate threshold (LT)), V02 does not follow this response. Within the supra-
T VENT intensity domains, either a delayed steady-state (ie. -• 6 min) is achieved, or 
V02 continues to rise toward maximum until exhaustion (Astrand and Saltin, 1961; 
Whipp and Wasserman, 1972; Hagberg et al., 1978; Roston et al., 1987; Camus et al. 
1988; Henson et al., 1989; Barstow and Mole, 1991; Poole et al., 1988 and 1991). 
This "excess V02" is superimposed upon the more fundamental response pattern and 
is referred to as the V02 slow component (Gaesser and Poole, 1996). Hence, "the 
continued rise in V02 beyond the 3rd min of exercise" is defined as the V02 slow 
component (Gaesser and Poole, 1996). 
The nature of this thesis is oxygen consumption during high intensity exercise, more 
specifically, a phenomenon known as the V02 slow component. 
The literature describing the slow component phenomenon is only quite recent with 
one of the first articles describing this response published in 1961 by Astrand and 
Saltin (1961). Further work has attempted to describe the kinetic responses and 
endurance training adaptations, trying to determine the underlying physiology, 
contrasting adults with children, different modes of exercise, and persons of different 
fitness levels. Interestingly however, the V02 slow component phenomenon does not 
appear in any authoritative exercise physiology texts (Astrand and Rodahl, 1986; 
Wilmore and Costill, 1994; Powers and Howley, 1994). Perhaps this may be due to 
the fact that not enough is currently known about this phenomenon to include in 
these texts. 
An early paper documenting a "slow component" was by Astrand and Saltin (1961) 
who collected V02 by the traditional Douglas Bag method. Although cumbersome 
and time consuming, this method is still often described as the most accurate method 
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of measurement. However, a major disadvantage with this technique is the inability 
to capture expired gas at very low sampling rates (ie. 5 s, or breath-by-breath). The 
most common form of measuring gas exchange was to capture data every minute and 
hence ascribe one value for every minute of exercise. Therefore, much of the early 
work on gas analysis only described several data points for a several minutes long 
test. Hence, the Douglas bag technique did not allow for any kinetic measurement of 
the data, which, in the case of the V02 slow component, made describing the data (ie. 
commencement and magnitude of the slow component) difficult. 
Since the 1950s and 1960s, technology has improved the ability to both collect and 
analyse gas exchange data. Many of the gas analysers currently being used have the 
ability to capture and measure gas on a breath-by-breath basis. Also, the integration 
of gas analysers with computer software has created the ability to describe the 
kinetics of the gas exchange responses for many subjects. Furthermore, data can be 
grouped together to determine the particular responses for specific populations. 
As stated above, the nature of this thesis is the V02 slow component. More 
specifically, the relation between muscle activation patterns and V02 during sub and 
supra-T VENT exercise will be explored. Furthermore, V02 kinetics will be studied, 
with the aim of determining the parameter estimates that constitute V02 during 
supra-T VENT exercise and contrasting with those measured during sub-T VENT 
exercise. 
With the advent of automated on-line gas analysis machines, which capture inspired 
and expired gases on a breath-by-breath basis, respiratory gas exchange data, 
particularly V02, can be studied with greater accuracy. At virtually any time point 
during an exercise test, pulmonary gas exchange measures can be recorded and 
observed. 
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Chapter 2.0 - Literature Review 
2. 1 - V02 response to exercise 
2. 1. 1 - V02 response to incremental exercise 
Since the start of the early 1900s, the V02-work rate relationship has been described 
by many authors (Krogh & Lingard, 1913, Wasserman, 1978, Poole & Richardson, 
1997), including some leading exercise physiology texts (A.strand & Rodahl, 1986; 
Wilmore & Costill, 1994) as linear. This linear relationship, however, is only 
apparent up to a maximal point, known as V02max, as seen in Figure 2.1. The 
attainment of V02max indicates an individual's physical work capacity and usually 
represents cessation of exercise. This linearity therefore, assumes that the V02 
response to any given constant-load intensity, is only a function of the exercise 
intensity itself, and has no relationship with exercise duration. Furthermore, for a 
given individual, it assumes a constant 0 2 gain (usually within the range of ~9-1 lml 
0 2/W/min) and constant measures of work efficiency (ranging from -22 to 30%) 
when spanning the entire exercise range (MedbY'), 1990, Poole & Richardson, 1997). 
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Figure 2.1: The relationship between V02 and work rate is often described "linear" (Poole & 
Richardson, 1997). During an incremental exercise test, the point at which V02 begins to plateau is 
known as V02max. 
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In recent times, however, this linear relationship has been challenged by the fact that 
V02 is no longer a function of only exercise intensity. Numerous authors have 
demonstrated V02 to deviate away from the V02 work rate relation, as predicted 
from sub-TvENT data, and to also assume a time relation with VOz. This is evident by 
the fact that during constant-load high intensity cycling, V02 rarely achieves steady-
state, but rather "drifts" towards maximum, and in some cases, drifts as much as 1 
l/min (see sections 2.1.2.2 & 2.1.2.3). The presence of the "drift" or "excess V02" 
does not conform to the previously described V02 work rate relation and therefore 
challenges the authors that state the existence of linearity. 
Stated above, the V02 work rate relation is described as linear, up to V02 max. This 
linearity assumes a constant 0 2 gain throughout the entire exercise range and also 
assumes that the V02 increase for a given change in exercise intensity is only a 
function of the exercise intensity itself. However, evidence in sections 2.1.2.2 & 
2.1.2.3 describes the V02 response to constant load exercise increases as a function 
of exercise duration as well as intensity, within the heavy and severe intensity 
domains. This "excess V02", or V02 slow component, causes the V02 work rate 
relation, as predicted from sub-TvENT intensity, to deviate from linearity. 
Based upon this information, Zoladz and colleagues ( 1995 & 1998) therefore 
challenged the linear V02 work rate relation and hypothesised that a curvilinear 
relationship, based upon the presence of the V02 slow component, would best 
describe the V02 work rate relation during incremental exercise. In both studies, the 
increment in power during cycle ergometer exercise was 30 W every 3 min until 
exhaustion, with V02 captured on a breath-by-breath basis. The V02 work rate 
(power) relation for one subject is shown below (Figure 2.2). At intensities 
approximating T VENT, the V02 response begins to deviate from the linearity and as 
exercise intensity and duration increase, V02 assumes a curvilinear response until 
cessation of exercise. In both studies, the observed V02 was significantly higher (p < 
0.01) than the expected V02, based upon extrapolation of the sub-TvENT V02 work 
rate relation. The increase in V02 above the 'expected V02' is approximately 500 to 
700 ml/min (Zoladz et al., 1995 & 1998). Furthermore, others (Hansen et al. 1988, 
Green & Dawson, 1995) have also shown this curvilinear relationship between V02 
and work during incremental exercise. 
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Figure 2.2: The V02 response to an incremental exercise test (Zoladz et al., 1995). In contrast to 
Figure 2.1, the V02 response deviates from the apparent "linear" relationship and achieves a value 
greater than that predicted from the sub-T VENT V02 work rate relation. This deviation from the linear 
response begins at an intensity approximating T VENT and is due to the presence of the V02 slow 
component. 
This curvilinear relationship between V02 and work rate contradicts popular 
evidence dating back almost a century, as stated above. Rather than superior 
methodological studies, the primary reason for this difference is due to the 
technological advancements in measuring pulmonary gas exchange data. Studies 
dating back as late as the 1960s (Astrand & Saltin, 1961) still report using the 
Douglas Bag technique to measure gas exchange. Although this is still often referred 
to as the most accurate method, its major limitation is the inability to capture gas and 
subsequently record data on a rapid i.e., breath-by-breath basis. 
2. 1.2 - V02 Response to Constant-Load Exercise 
Two physiological parameters namely blood lactate (bla) and V02, measured during 
an incremental exercise test are regularly used to describe three domains (moderate, 
heavy and severe) of exercise intensity (Figure 2.3, left panel). The moderate work 
rate domain incorporates all exercise intensities where bla does not rise above resting 
concentrations, however V02 increases to a new steady-state value after ~ 3 min in 
the healthy individual (centre and right panels, Gaesser & Poole, 1996). 
The demarcation between the moderate and heavy intensity domains is often referred 
to as either the lactate threshold (LT or TLAC, Barstow & Mole, 1991), or ventilatory 
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threshold (TvENT, Henson et al., 1989). The upper boundary of this domain 
corresponds to the power-time asymptote (W a). 
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Figure 2.3: The V02 response to an incremental exercise test (left panel). The TLAC and Wa, 
which represent the lactate threshold and power-time asymptote respectively, demarcate the different 
intensity domains (moderate, heavy and severe). The subsequent V02 and blood lactate responses 
within each respective intensity domain are shown in the centre and right panels, respectively 
(Gaesser & Poole, 1996). 
2.1.2.1 - Moderate domain 
The basic model of V02 describes the increase to moderate intensity exercise is best 
characterised by three distinct, yet similar phases (Figure 2.4, Whipp et al., 1982). 
Phase I (<PI) is characterised as an early delay like phase, while phase II (<I>II) 
increases in an exponential manner toward a new steady-state (phase III; <Pill) level 
(Whipp et al., 1982). <PI, also referred to as the "cardiodynamic phase", is evident by 
a small, exponential increase in V02, which is also characterised as an attainment of 
the respiratory exchange ratio (RER; VC02/V02), immediately prior to its rapid 
decrease (Whipp et al., 1982). <PI usually begins within the first breath and lasts for 
no more than 30 s (Weissman et al., 1982). Being of such a short duration, the <PI 
kinetics therefore, do not represent changes arising at the muscular level. Rather, the 
physiological basis of <PI primarily represent an increase in pulmonary blood flow 
(Krogh & Lindhard, 1913, & Wasserman et al., 1974), with lesser contributions from 
mixed venous blood gases (Casaburi et al., 1989). 
<PI may become apparent after a single work bout, but its appearance becomes more 
evident after the completion of several repetitions of the same work bout being 
averaged and smoothed over time (Whipp et al., 1982). 
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Figure 2.4: Demonstrating the three phase response to moderate intensity, constant-load 
exercise (adapted from Barstow & Mole, 1991). 
The anival of venous blood at the lung from the exercising muscle(s) initiate <I>II 
V02 kinetics. Furthermore, during this phase cardiac output and pulmonary blood 
flow continue to increase, whereas the 0 2 content of venous blood continues to fall 
(Gaesser & Poole, 1996). 
The <I>II component of pulmonary V02 increases in a mono-exponential fashion 
(Krogh & Lindhard, 1913; Whipp et al., 1982; Barstow & Mole, 1991; Paterson & 
Whipp, 1991). Grassi et al. (1996) have since shown that muscle V02 also follows 
the same exponential increase during the <I>Il response with insignificant (p > 0.05) 
differences between pulmonary and leg V02 ... Based upon this study, it appears that 
the controlling mechanism(s) of pulmonary <I>II V02 predominantly reside within the 
active muscle(s). Barstow (1994) hypothesised and others (Barstow et al., 1994, 
McCreary et al., 1996, Whipp et al., 1999) have shown using nuclear magnetic 
resonance spectroscopy, that <I>II V02 kinetics are related to the changes in 
intramuscular phosphocreatine (PCr) and inorganic phosphate (Pi) during constant 
load exercise. 
For moderate work rate intensities, the • increases (i.e. slower kinetics) with an 
increase in exercise intensity (Casaburi et al., 1989), whereas in contrast, the • 
decreases (i.e., faster kinetics) after endurance training (Hickson et al., 1978, 
Hagberg et al., 1980). 
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The <I>III response, within the moderate work rate domain, is a linear function of 
exercise intensity (Barstow & Mole, 1991; Zoladz et al., 1995 & 1998), with a 
typical 0 2 gain of -9-11 ml 0 2/W /min, which calculates to a work efficiency of 
-27% (Henson et al., 1989). Achievement of <I>III typically occurs after -3 min in 
healthy individuals (Barstow & Mole, 1991). This new <I>III value may reflect the 
size of the PCr changes (Whipp et al., 1999). Within this domain, <I>III V02 is not a 
function of exercise duration beyond - 3min. 
2.1.2.2 - Heavy intensity 
The heavy domain represents intensities where V02 and bla increase and remain 
stabilised, albeit delayed, for the entire duration of exercise (Figure 2.3, centre panel, 
Gaesser & Poole, 1996). Even-though V02 within this work rate domain follows the 
three phase response pattern, contrary to the moderate work rate domain V02 does 
not achieve steady-state within - 3 min (Barstow & Mole, 1991; Paterson & Whipp, 
1991). Rather, a secondary, more slowly developing component drives V02 above 
that predicted from the sub-TvENT work rate relation and V02 achieves a delayed (ie., 
>3 but " 6 min) steady-state. This secondary component is superimposed upon the 
more fundamental mono-exponential kinetics (Barstow & Mole, 1991; Barstow et 
al., 1993). This secondary component is also known as the V02 slow component and 
is defined as "the slow, continued increase in V02 beyond the 3rd minute of constant 
work rate exercise" (Gaesser & Poole, 1996). 
The physiological mechanisms of the V02 slow component remain obscure (see 
section 2.2) but the fact that the slow component can have an amplitude in excess of 
11/min (Roston et al., 1987) outlines its significance. Of the V02 response within the 
heavy intensity domain, the <I>I component is similar to that of the moderate intensity 
domain. The <I>II response, although larger than the moderate work rate domain, also 
appears to be inversely related to changes in PCr; such that the greater the rise in 
V02, the greater the PCr breakdown (Whipp et al., 1999). Although achieving the 
<I>III component after a delay (-6 min), the 0 2 cost of exercise within this work rate 
domain increase to -13 ml 0 2/W/min, which subsequently decreases work efficiency 
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to -23% (Henson et al., 1989). This is a decrease of -5% of work efficiency from the 
moderate work rate domain. 
Like the more fundamental moderate work rate response, the slow component itself 
is often described as being exponential with its own time delay (TD1 or TD2), time 
constant(• 2), and amplitude (A2 Barstow & Mole, 1991; Paterson & Whipp, 1991). 
Superimposed upon the moderate work rate response, this therefore, describes the 
total V02 response to heavy intensity work as a double exponential (Barstow & 
Mole, 1991; Paterson & Whipp, 1991). Barstow & Mole (1991) have shown that the 
commencement of the second exponential term, i.e., slow component, is delayed 
relative to the primary component. 
2.1.2.3 - Severe domain 
The severe exercise domain incorporates all intensities where neither V02 nor bla are 
constant, but rather both continue to rise until either exhaustion or exercise cessation 
(Figure 2.3, centre and right panels, Gaesser & Poole, 1996). Within this intensity 
domain, V02 is a function of exercise intensity and also exercise duration (Gaesser & 
Poole, 1996). Furthermore, the 0 2 gain within this domain has been shown to 
increase to -16 to 17 ml 0 2/W/min, with a subsequent decrease in efficiency to 
-20% (Henson et al., 1989). This is an -8% and 3% decrease in efficiency measures 
from the moderate and heavy work rate domains, respectively (Henson et al., 1989). 
The <PI and <PIT responses are similar in physiology to those of the moderate and 
heavy domains, however, the <PIT response is substantially longer, as outlined by a 
larger• 2 (Barstow & Mole, 1991). Within this domain, the <PIII V02 response is not 
achieved. 
The kinetics of V02 within this work rate domain has been the focus of many 
debates. Currently, it is clear that the slow component kinetics, whether it is 
described as exponential or linear, delayed or not delayed, are superimposed upon 
the more fundamental mono-exponential response (Barstow & Mole, 1991; Paterson 
& Whipp, 1991). Current literature suggests that the slow component is better 
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described as exponential (Barstow & Mole, 1991), although the linear response 
cannot be totally ruled out (Barstow & Mole, 1991; Paterson & Whipp, 1991; Capelli 
et al., 1993). 
Whipp & Wasserman (1972) described the appearance of the slow component as a 
two exponential process. However, the commencement and magnitude of the slow 
component were not previously reported from modelling studies. Therefore, Barstow 
& Mole (1991) used two different bi-exponential models (Figures 2.5 & 2.6), fitted 
to four different intensities of exercise (two sub and two supra-LT), to determine the 
individual parameters of each model. In this case, • 1 and • 2 represent the primary 
and secondary time constants, A1 and A2 represent the primary and secondary 
amplitudes, and TD1 and TD2 represent the primary and secondary delays, 
respectively. Model 1 assumes the slow component is initiated concomitantly with 
the primary component (Figure 2.5). In contrast, the presence of the TD2 parameter 
in model 2 assumes the slow component is delayed relative to the primary 
component (Figure 2.6). 
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Figure 2.5: The bi-exponential response to V02 during supra-LT exercise. Within this model, 
the slow component begins simultaneously with the primary component, i.e. after a common TD 
(Barstow & Mole, 1991). 
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Figure 2.6: The bi-exponential response to V02 during supra-LT exercise. In contrast to Model 
1, the presence of the TD2 parameter indicates the delayed nature of the slow component. Within this 
model, there is no common TD (Barstow & Mole, 1991). 
In seven of the eight occasions, they found that Model 2 (i.e. with a delay) was a 
significantly (p < 0.05) superior fit to the V02 data during supra-LT exercise. On 
average, the delay was reported to start 105 ± 46 s after the onset of the primary 
component. Paterson & Whipp (1991) have also demonstrated similar findings (i.e. 
the slow component being of a delayed nature) although they 'fixed' the delay to 
begin at minute 3. Reasons for the delayed response have been hypothesised (section 
2.2), however a cogent argument does not currently exist. 
2.2 - Controlling mechanisms of the V02 slow component 
The majority of the V02 slow component has been shown to arise from within the 
working limbs during cycling activity. By simultaneously measuring leg and 
pulmonary V02 during light and heavy cycling, Poole and his colleagues (1991) 
estimated that 86% of the V02 slow component was attributed to arise from within 
the working muscles. The balance can be mainly explained by the contribution of 
increasing ventilatory and cardiac muscle work as exercise continues. This research 
has encouraged many investigators to study mechanisms, which originate from 
within the working muscles, that are hypothesized to contribute to an increase in 
VOz. 
The most popular current hypothesis for the etiology of the V02 slow component is 
type II muscle fiber recruitment (Poole et al., 1994a; Barstow et al., 1996; Figure 
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2.7). It has been suggested that as type I muscle fibers become fatigued and/or 
substrate (glycogen) depleted, the subsequent recruitment of the higher power 
generating type II fibers are recruited in order to maintain the desired power output 
(Poole et al., 1994a). It is these type II fibers that have a higher energetic demand 
(Crow & Kushmerick, 1982) and hence 0 2 cost of contraction (Kushmerick et al. 
1992) than their type I counterparts, at specific fiber contraction velocities. 
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Figure 2.7: The V02 slow component is hypothesized to be due to the recruitment of the higher 
0 2 generating type II muscle fibers (Barstow et al., 1996). 
Implicit in Figure 2.7 is the idea that type II motor unit recruitment is superimposed 
upon type I recruitment with some delay ( - 1-2 min) relative to the onset of exercise 
(Barstow et al., 1996). This idea is based upon the assumption that fatigue of active 
motor units (i.e. type I) require recruitment of additional motor units (i.e. type II) to 
maintain the desired power output (Poole et al., 1994a). However, this theory is 
difficult to acknowledge given the following facts. Firstly, type I muscle fibres do 
not demonstrate any evidence of fatigue after -60 min of maximal stimulation 
(Burke and Edgerton, 1975), and the likelihood that they fatigue after -1 to 2 min 
during high intensity exercise is very minimal. A universally accepted property of 
type I skeletal muscle fibres is their resistance to fatigue (Burke and Edgerton, 1975). 
Also, this theory appears to assume that the recruitment pattern of the major muscles 
involved in exercise, in this case, cycling, is the same. It has been shown previously 
that the gluteus maximus (Green and Patla, 1992) and rectus femoris (Miyashita et 
al., 1981) muscles are more active during high intensity (i.e., supra-T VENT) cycling. 
Therefore, it seems unlikely that the V02 slow component is due to the fatigue of 
type I muscle fibres and then the additional recruitment of motor units. 
13 
Since it is likely that type Ila and perhaps llb motor units will be recruited at the start 
of severe exercise (Sale, 1986), an alternative explanation for the V02 slow 
component is that: 1) it is not delayed relative to the primary component, 2) that the 
slow component is due to the relatively slow V02 kinetics of faster motor units, and 
3) that the recruitment of additional motor units and/or increases in firing frequency 
of already active motor units, amplifies the muscle 0 2 cost as exercise continues. 
This explanation would require no need to assume that type I fibres fatigue, and help 
explain why interpretation of V02 responses at 'heavy' intensities often does not 
reveal a clear delay in the V02 slow component, as illustrated in Figure 6 of Barstow 
et al. (1996). 
2.2. 1 - Linking Motor Unit recruitment (from EMG) to V02 
A number of studies have attempted to link EMG activity to V02 during incremental 
(Bigland-Ritchie and Woods, 1974 and 1978) and constant-load (Miyashita et al., 
1981, Shinohara and Moritani, 1992) cycling ergometer exercise. A common finding 
among most of these studies, although recording from only one muscle, is the high 
relationship between these two parameters. 
Miyashita et al. (1981) collected IEMG and V02 data for either 6 or 9 different 
constant load intensities for the vastus medialis, lateralis and rectus femoris. 
Although no correlations were reported, the IEMG V02 temporal relationship 
appeared to be very similar. Shinohara & Moritani (1992) have attempted to clarify 
the V02 slow component by measuring IEMG activity during cycling. The focus of 
this study was to correlate motor unit recruitment (as evident by an increase in 
IEMG) from the "lateral portion of the dominant quadriceps femoris muscle" to the 
increase in pulmonary V02 during sub and supra-TvENT (ie. slow component) 
cycling. They found a significant correlation (r = 0.53, p < 0.01) between the IEMG 
and pulmonary V02 responses and concluded that the slow, continued increase in the 
IEMG signal during supra-TvENT cycling was primarily related to an increase in 
motor unit recruitment. Although not doubting this statement, the correlation was 
based on data from minutes 4 to 7. Upon closer inspection of their data, the IEMG 
signal decreased across the time period expected to coincide with the onset of the 
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slow component (i.e. 48 to 188 s; Barstow & Mole, 1991). If the V02 slow 
component is related to type II muscle fibre recruitment, the IEMG signal would be 
expected to increase at this stage (Sale, 1986) rather than decrease as it did. 
2.2.2 - Muscle activation patterns and the link to V02 
As stated above, a common problem with studies relating EMG activity to V02 
during cycling was the assumption that the recruitment patterns of only one muscle 
reflected the recruitment patterns of all muscles contributing to pedal propulsion. 
This assumption does not acknowledge the possibility of attributing the rise in V02 
(i.e. slow component) to the strategic recruitment of other muscles. Within the 
moderate intensity domain, the major contributors to mechanical power production 
arise from the quadriceps muscle group, primarily the vastii muscles, whereas the 
rectus femoris muscle appeared to be predominantly reserved for higher (i.e., above 
AT) work intensities (Miyashita et al., 1981). The vastus medialis and lateralis 
muscles have almost identical timing of activity patterns (R2 = 0.993, Ryan & 
Gregor, 1992). As exercise intensity increases towards the heavy and severe 
domains, a greater reliance on the gluteals (Ericson et al., 1985, Green & Patla, 1992) 
and rectus femoris (Miyashita et al., 1981) muscles is observed. In some cases, the 
gluteus maximus muscle increased its EMG activity pattern by -5.5 fold over a 120 
W increase in power (Ericson et al., 1985) and by -40 fold in two subjects during an 
incremental exercise test (Green & Patla, 1992). Therefore, it appears that at low 
intensities of work, the knee extensors (quadriceps, primarily vastus medialis and 
lateralis) produce much of the required force, whereas during high intensity exercise, 
the hip extensors (gluteals) and the rectus femoris are the major contributors to force 
production (Miyashita et al., 1981, Green & Patla, 1992). This strategy of selectively 
relying on different muscle groups at varying exercise intensities may contribute in 
some way to an increase in V02 during high intensity exercise and has not yet been 
investigated. 
2.2.3 - Other potential mediators of the V02 slow component 
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Many other potential mediators have been hypothesised to contribute to the V02 
slow component. Some of these mediators including; blood lactate (Poole et al., 
1994b), epinepherine (Gaesser et al., 1994, Womack et al., 1995), and metabolic 
alkalosis (Zoladz et al., 1996), have been shown to have no significant effect on the 
V02 slow component. Increases in the 0 2 cost of "extra" pulmonary and cardiac 
muscle work have also been hypothesised to contribute to a small increase in V02 
during heavy and severe intensity exercise (Poole et al., 1994a). However, based 
upon calculations of 0 2 cost of ventilatory work (Aaron et al., 1992), -17-23% of the 
V02 slow component can be attributed to arise from ventilation (Gaesser & Poole, 
1996). 
The V02 slow component has also been linked to the fatigue process (Poole et al., 
1994a). Gaesser and Poole (1996) discuss the importance of, although not directly 
attributing the cause of the slow component to the general "fatigue" process. By 
tracking maximal power production (measured as a sprint bout) during sub and 
supra-TvENT exercise, Capelli et al. (1993) found the decrease in total work (from 
each sprint bout) was linearly related to the increase in V02 during the supra-T VENT 
intensity. They attributed the initial decrease in power to the breakdown of PCr 
stores, with the later loss of power due to a continuous accumulation of bla (Capelli 
et al., 1993). Since Poole et al. (1994b) demonstrated that bla increases do not 
contribute to the V02 slow component, it is most likely that the fatigue process 
contributes in some way to the V02 slow component. Specifically, greater 
concentrations of free Cr, ADP and Pi, which decrease maximal power production 
(Cooke & Pate 1985; Whipp et al., 1999), also increase V02 (Jacobus et al., 1982). 
Although difficult to measure, it is possible that the fatigue process may be in some 
way attributable to the V02 slow component. 
Rather than being related to only one physiological variable, based upon the above 
evidence it seems likely that the physiology of the V02 slow component comprises 
of more than one physiological phenomenon perhaps occurring simultaneously. 
2.2.4 - Effect of endurance training on the V02 slow component 
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Training studies can be used to (help) elucidate some of the mechanism(s) that 
control both pulmonary and muscular respiration, and hence the V02 slow 
component. Of the studies that have investigated the effects of endurance training on 
the V02 slow component, all have shown a reduced slow component post-training 
(Casaburi et al., 1987; Womack et al., 1995). Therefore, the primary mechanism(s) 
underpinning the slow component appear to be adaptable to endurance training. A 
reduction in neuromuscular activity, as a result of motor skill acquisition, has been 
proposed as a potential adaptation (Womack et al., 1995). However, this is yet to be 
proven in the scientific literature. Furthermore, the reduction of the slow component 
that transpires as a result of endurance training occurs early (i.e., within 2 weeks) 
within the training program (Womack et al., 1995). 
Although reductions in the magnitude of - 200 to 300 ml/min after 6 to 8 weeks of 
endurance training have been shown to occur (Casaburi et al., 1987; Womack et al., 
1995), similar to the underlying physiology, the primary mechanism(s) responsible 
for the reduction in the slow component post-endurance training remain elusive. 
2.3 - Conclusion 
Early studies defining the relationship between V02 and work rate during 
incremental exercise described the relationship as linear. However, the advent of 
more sophisticated technology has allowed V02 to be measured on a breath-by-
breath basis and subsequently defined the V02 work rate relation as curvilinear. The 
curvilinear response is due to the presence of the slow component, which, during 
constant load exercise is superimposed upon the more fundamental mono-
exponential kinetics. The slow component of V02 has previously been shown to be 
of a delayed nature (ie. -105 s) with respect to the primary component. Even-though 
type II muscle fibre recruitment has been hypothesised to cause the V02 slow 
component, a cogent explanation for the slow component does not currently exist. 
Previous research on incremental exercise has shown differential recruitment patterns 
of the major muscles involved in cycling to occur. It may be plausible to suggest that 
the V02 slow component may be in some way linked to the differential recruitment 
patterns involved in cycling, which has not yet been investigated. Irrespective of the 
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fact that the primary mechanism(s) of the V02 slow component remain elusive, 
it/they must be adaptable to endurance training. 
Chapter 3.0 
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3. 1 - Introduction 
The oxygen uptake (V02) response to constant work-rate exercise below the lactate 
or ventilatory threshold (T VENT) achieves steady state within approximately 3 min in 
the healthy individual. Above T VENT however, the V02 response demonstrates a 
slow, continued rise until either a delayed steady state (ie. ~f6 min) is achieved or 
fatigue ensues (Roston et al., 1987; Henson et al., 1989; Barstow and Mole, 1991; 
Poole et al., 1991). This slow, continued rise in V02 is a function of both work rate 
and duration above a critical exercise intensity (i.e. T VENT) and is referred to as the 
V02 slow component (Gaesser and Poole, 1996; Whipp, 1994). Hence, the V02 slow 
component is often defined as the continued rise in V02 after 3 min of constant work 
rate exercise (Gaesser and Poole, 1996), and is present irrespective of fitness levels 
(Henson et al., 1989). 
The kinetics of V02 at exercise intensities below T VENT follow a mono-exponential 
pattern (Whipp and Wassermann, 1972; Whipp et al., 1982; Casaburi et al., 1989; 
Barstow and Mole, 1991). In contrast, the presence of the slow component at 
intensities above T VENT engenders a second exponential term, which is superimposed 
on the fundamental mono-exponential kinetics. This allows the V02 response, during 
supra-TvENT exercise, to follow a bi-exponential pattern (Whipp and Wassermann, 
1972; Barstow and Mole, 1991; Barstow et al., 1993; Barstow et al., 1996). The 
second exponential term was demonstrated, by modelling procedures, to begin - 105 
s after exercise initiation with an amplitude of -0.9 I/min (Barstow and Mole, 1991). 
Many investigators have focussed on attempting to explain the amplitude of the slow 
component with very little emphasis on the nature of the delay. Understanding the 
aetiology of the V02 slow component requires that both its amplitude and time delay 
can be explained on the basis of the underlying physiology, and a cogent argument 
that explains the delayed nature of the slow component remains elusive. In fact, only 
Poole et al. (1994a) and Barstow et al. (1996) have provided an explanation for the 
physiology of the delay, and both are related to muscle fibre recruitment. Poole et al. 
(1994a) suggest that the initially recruited type I muscle fibres become fatigued 
and/or substrate depleted, and the subsequent recruitment of the type II fibres, by 
way of their higher energetic demand, initiate the slow component. This theory is 
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difficult to accept given the facts that 1) type I fibres do not demonstrate any 
evidence of fatigue after -60 min of maximal stimulation (Burke and Edgerton, 
1975), and 2) there is still significant glycogen within the type I fibres at the 
cessation (30 min) of high intensity (85% V02max) exercise (Ahlquist et al., 1992). 
Barstow et al. (1996) have tried to suggest that the V02 slow component may be 
delayed because subjects underestimate the muscle recruitment required during the 
initial period of exercise and then increase recruitment some time into exercise. 
While this might be so, no evidence for it was provided. Given the fact that a cogent 
argument does not exist for the delayed nature of the slow component, it is therefore 
difficult to accept this phenomenon is generalizable to all people. 
The focus of this study, therefore, was to investigate whether or not the V02 slow 
component is delayed with respect to the primary V02 response in six trained 
athletes. Using collection and analytical procedures similar to those of Barstow and 
Mole (1991), it was hypothesised that the presence of the V02 slow component 
would not be delayed relative to the primary component of V02. 
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3.2 - Methods 
3.2. 1 - Subjects 
Six male cyclists were recruited for this study. Four of these subjects were 
predominantly road cyclists while the remaining two were predominantly track 
cyclists. At the time of testing however, one track subject was undertaking an 
"aerobic" training base. Anthropometric details of the subjects are shown in Table 
3.1. Subjects signed informed consent (Appendix 1) for the experimental procedures, 
which the University Human Research Ethics Committee of Queensland University 
of Technology had approved. 
Table 3.1 Anthropometric characteristics of each subject 
3.2.2 - Ergometer Customisation 
67.2 
84.2 
70.1 
75.4. 
68.5 
82.5 
Prior to the first test, each subject configured the ergometer to their individual bike 
design, which, in this case, had been previously determined due to the extensive 
cycling experience of the subjects. These measurements included seat height, seat aft, 
and handlebar height and length (Figure 3.1). During testing, subjects used their own 
pedal, cleat and cycling shoe combination. The ergometer was individually 
customised for every test thereafter. 
3.2.3 - Exercise Protocols 
3.2.3.1- V02 max 
Each subject completed a preliminary maximal oxygen uptake (V02max) cycling 
test. This test consisted of a starting power output of 0 watts (W), followed by a ramp 
style increase of 2 W every 5 s until volitional exhaustion, which was characterised 
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by a decrease in cadence from 90 rpm to 80 rpm for a minimum of 3 consecutive 
seconds. 
Legend 
- Seat.aft 
Seat height 
Handlebar height 
- Handlebar length 
Visual Readout Device 
Figure 3.1: The bicycle ergometer set up, including the four settings (as per legend) used in 
individually customising the ergometer. 
During the test, each subject was required to breathe through a mouthpiece, which 
was connected via 7 foot of permea tubing to a respiratory gas analyser (Medical 
Graphics Corporation®). The pneumotach (bi-directional differential pressure 
MedGraphics® preVent™ pneumotach) was attached to the distal end of the 
mouthpiece, which sat approximately 5 cm away from the mouth. The gas exchange 
data was then smoothed with a 5 point moving average filter to minimise the noise 
associated with breath-by-breath measurement. 
The incremental test was used to determine ventilatory threshold (TvENT), V02max 
and calculate two power outputs which were used in subsequent testing (see constant-
load exercise tests). To accurately detect T VENT, the ventilatory equivalents of V02 
(V p}V02) and VC02 (V p}VC02) were graphed against time. The time frame that 
corresponded to the upward inflection point of Vp}V02, with a similar inflection point 
for V p}VC02 occurring approximately 30-120 s later, was determined as T vENT 
(Wasserman et al., 1973; Whipp et al., 1986) and placed on a power-time graph to 
obtain the appropriate power output. V02max was defined as the initial power output 
that corresponded to no substantial increase in V02 (ie. the plateau phase), or in the 
case of no plateau being achieved, the highest V02. 
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3.2.3.2 - Constant-Load Exercise Tests 
Two exercise intensities were calculated from the V02max test. These workloads 
then formed the basis of all subsequent testing sessions. The sub-T VENT work bout 
corresponded to a V02 equivalent to 80% of T VENT, whereas the supra-T VENT exercise 
intensity corresponded to a V02 equivalent to T VENT + 0.75*(V02max - T VENT). 
These calculations were based upon the V02-power regression for each subject. 
Both constant-load tests encompassed a 4 min baseline of 50 W, followed by 8 min at 
one of the two calculated intensities, then a further 4 min recovery at 50 W. In two 
subjects, the final data set was limited because of: 1) failure to reproducibly complete 
8 min (sub #4, 6 min 45 sec), and 2) a reproducible and unusual decrease in V02 
during the final -90 s (sub #1, 6 min 30 sec). To minimise the effects of residual 
fatigue on subsequent V02 responses, the sub-T VENT intensity was always conducted 
prior to the supra-TvENT intensity (Gerbino et al., 1996). Subjects also rested for 30 
min prior to the supra-T VENT work bout, which followed the same protocol as the sub-
T vENT exercise. The exercise protocols are shown in Figure 3.2. 
Supra-T VEN!' 
Sub-TVENr 
Rest 
04 4-8 8-12 12-16 16-20 4246 46-50 50-54 54-58 58-62 
Tirre (min) 
Figure 3.2 Time schedule for the sub-T VENT and supra-T VENT constant-load testing sessions. 
To reduce the contribution of exercise-induced changes in body V02 stores on 
subsequent pulmonary gas exchange responses a 50 W workload, as opposed to 
unloaded pedalling, preceded all constant-load tests. This workload decreases the 
lung-to-muscle and muscle-to-lung transit time and also enhances the underlying 
response characteristics to better represent muscle V02. Testing sessions were 
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performed a minimum of 2 days apart. Either three or four tests (see Tables 3.4 and 
3.6) were conducted for every subject. A cadence of 90 rpm, which was displayed on 
a visual readout device placed in front of the cyclist, was maintained for all tests. 
3.2.4 - Heart Rate 
Heart rate was recorded on a Polar Accurex Plus™ (Kempele, Finland) heart rate 
monitor every 5 s. These data were later inserted alongside the respiratory data at the 
respective time intervals. 
3.2.5 - Gas Analysis 
Prior to and following each test, the automated gas analysis system was manually 
calibrated with alpha standard gases (Cal gas: 0 2 = 12%, C02 = 5%, Ref gas: 0 2 = 
21 %, C02 = 0% ). V02 and VC02 were expressed in standard temperature and 
pressure dry (STPD) whereas VE was expressed in body temperature and pressure 
saturated (BTPS). 
3.2.6 - Data Analysis 
To reduce the noise associated with breath-by-breath measurement, the respiratory 
data was interpolated to one value per second (according to a program written in 
Matlab 5.3, see Appendix 2) and time aligned to the start of work for each test, for 
each subject. The data was then averaged over the three or four tests for both work 
intensities. To further enhance the underlying parameters, a 5 s moving average filter 
was then applied to the data (Barstow and Mole, 1991; Microsoft® Excel 97). This 
process yielded one, averaged, smoothed data point per second. Phase 1 (DI) of the 
V02 response, defined as the time of exercise onset to the downward movement in 
the respiratory exchange ratio (Whipp et al., 1982), was eliminated from the analysis 
according to the methods of Barstow and Mole (1991). Data after DI was then fit 
using three modelling equations, which consisted of one mono-exponential and two 
bi-exponential models (Barstow and Mole, 1991; TaPJeCurve™ 2D). 
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3.2.6. 1 - Modelling of V02 Responses 
The mono-exponential model, described in Eq. 1, where A1, TD and _1 represent the 
primary amplitude, time delay and time constant respectively, describes the most 
basic V02 response pattern. 
MONO-EXPONENTIAL MODEL 
(Eq. 1) . 
The two bi-exponential models differ only by the absence (Model 1) or presence 
(Model 2) of a second time delay (TD2) parameter. Previous descriptions of Model 1 
state that the primary and secondary components begin together, whereas the 
presence of the TD2 parameter in Model 2 states that the secondary component is 
delayed with respect to the primary component (Barstow and Mole, 1991). 
MODELl 
(Eq. 2) 
MODEL2 
(Eq. 3) 
A1 and A2 represent the primary and secondary amplitudes of V02 respectively, and 
_ 1 and _2 are the corresponding time constants. The TD1 parameter in both models 
represents the duration of DI, whereas the TD2 parameter, only present in Model 2 
represents the delayed commencement of the slow component. For a graphical 
representation of each model, refer to Figures 2.4, 2.5 and 2.6 in Section 2.1.2. 
3.2. 7 - Statistics 
The V02 responses were fitted by the three models using weighted least-squares non-
linear regression (LevMarqdt; TableCurve™ 2D). The goodness of fit criteria, which 
were the error sum of squares terms and bias (or lack of) in the residuals, were then 
used to judge the appropriateness of the models. Differences between the three 
models were detailed using a one-way analysis of variance (Student-Newman-Keuls; 
SigmaStat 2.0). In the case(s) where no significant differences were found, the Model 
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with the least number of parameters, according to the Law of Parsimony, was 
declared the better fit. When the bi-exponential models yielded a significantly better 
fit than the mono-exponential model based on the criteria stated above, the error sum 
of squares of these two models were then contrasted for each individual using an F-
test. A significant F-test indicated that for a given individual, the goodness of fit 
differed between the models. An F-ratio (df = 1, 475) less than the critical F (= 
3.841) indicated no difference between the models and Model 1 (i.e. with fewer 
parameters) was deemed the better model. Relative bias in the residuals of Model 1 
and 2 were compared by plotting, as illustrated in Figure 3.6. Parameter estimates 
between Models 1 and 2 were compared using the student's t-test (SigmaStat 2.0). In 
all cases, significance was declared at the p < 0.05 level. 
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3.3 - Results 
The individual V02max test results are shown in Table 3.2. Mean V02max was 4.09 
±0.22 I/min with TvENT equal to 3.24±0.28 I/min, which equates to 79.2% of 
V02max. 
Table3.2 Physiological characteristics of each subject 
Shown in Figure 3.3 are the analysed V02 responses for subject #6 to sub- and supra-
T VENT exercise. Similar responses were also observed for the other five subjects. The 
presence of the slow component during the supra-TvENT intensity is evident by the 
slow rise in V02 from -420 s (3 min) to -630 s (6.5 min). 
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3.5 
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Figure 3.3. The V02 responses to both work intensities for subject #6. 
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3.3.1 - V02 kinetics 
SUB-TvENT Of the three models that were fitted to the sub-TvENT data, no model 
was significantly superior (p > 0.05) to another (Table 3.3). Therefore, the model 
with the least parameters, in this case the mono-exponential model (i.e. Equation 3) 
was chosen as the best fit. Hence, the presence of a secondary "slow" component 
superimposed upon the more fundamental mono-exponential kinetics is not 
statistically evident within this work rate domain. The parameter estimates for the 
mono-exponential model are shown in Table 3.4. 
Table 3.3: Residual sum of square (R2), residual error sum of square and residual mean square 
terms for individual subjects during sub-T VENT exercise. 
.0:0073. 
0.0152 
0;0036 
.0.0090 
0.0028 
Mod 1 is described in Eq. 1. Mod 2 is described in Eq. 2. Mono is described in Eq. 3. All cases, p > 
0.05 
Table 3.4: Parameter estimates for V02 during sub-T VENT exercise 
1.65 
-15.96 
10.73 
-20.00 
6.17 
0.33 
The mono-exponential model is shown in Eq. 3. a represents 4 completed repetitions, 
completed repetitions 
SUPRA-T VENT The ANOV A revealed both bi-exponential models to be a 
significantly (p < 0.05) superior fit to the V02 response at the supra-TvENT intensity 
when compared to the mono-exponential model. However, no significant difference 
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was found between the bi-exponential models themselves (p > 0.05). Subsequent 
analysis therefore eliminated the mono-exponential model and only compared the bi-
exponential models. 
The resultant F-test revealed no significant differences (i.e. F = O; p > 0.05) between 
Model 1 and 2 for any subjects. Furthermore, the R2, residual error sum of squares 
and residual mean square were not significantly different between Models 1 and 2 (p 
> 0.05), and are contrasted in Table 3.5. Based upon the identical residual sum of 
squares term (R2) (Table 3.5), the model with the least parameters (Model 1) was 
chosen as the best fit. As a representative of all other subject responses, the modelled 
V02 responses, residuals, and residual plot for subject #6 are shown in Figures 3.4, 
3.5 and 3.6. For both models, the residuals appear randomly distributed around zero 
(Figure 3.5). Contrasting the residuals between Models land 2 (residual plot, Figure 
3.6), a linear relationship with a slope and intercept not different from one and zero 
respectively, indicating no bias. If a difference in bias between the models were 
apparent, the data points would deviate from the linear slope. 
Table 3.5: Residual sum of square (R2), residual error sum of square and residual mean square 
terms for individual subjects during supra-T VENT exercise. 
Model I is described in Eq. 1. Model 2 is described in Eq. 2. All cases, p > 0.05 
Mono-exponential model 
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Figure 3.4 Mono-Exponential Model (previous page, top), Model 1 (previous page, centre) and 
Model 2 (previous page, bottom) fitted to the supra-T VENT V02 data, and each models respective R
2 
value. 
Figure 3.5: The Residuals for the Mono-Exponential (top panel), Model 1 (centre panel) and 
Model 2 (bottom panel). 
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Figure 3.6: The residual plot, a comparison of the residuals for models I and 2. The fact that the 
slope of the residual plot does not deviate from linearity indicates no bias. 
The parameter estimates for the fast and slow components are shown in Tables 3.6 
and 3_7, respectively. Model 1 resulted in a significantly lower primary amplitude 
(A1) (2.89 ± 0-35 vs. 3.24 ± 0.13 I/min, p < 0.05), and subsequently a significantly 
larger secondary amplitude (A2) (1.31 ± 0_13 vs. 0.97 ± 0.17, p < 0_005). No other 
parameter estimates demonstrated significant differences between Models 1 and 2 (p 
> 0.05). The TD and both _ were not significantly different between Models 1 and 2 
(p > 0.05). Shown in Figure 3.7 is the A1 response to sub and supra-TvENT exercise. 
An increase in exercise intensity did not result in a subsequent increase in the Ai 
parameter estimate. These findings therefore suggest that during heavy and severe 
exercise, Ai does not increase beyond T VENT and is not responsible for any increase 
in V02 above this intensity during constant load cycle ergometery. Furthermore, the 
slow component, which in this case begins simultaneously with the Ai parameter, is 
solely responsible for any increase in V02 beyond T VENT· 
'2 
·a 
c 
<t: 
3.5 
3.3 
3.1 
2.9 
2.7 
2.5 
2.3 
2.1 
1.9 
1.7 
1.5 
Table 3.6: Parameter estimates for the V02 fast component during supra-T VENT exercise 
14.49 
7.51 
9.45 
14.93 
ll.95 
13.86 
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Model 1 is described in Eq. 1. Model 2 is described in Eq. 2. * p < 0.05 with model 2 a represents 4 
completed repetitions, b represents 3 completed repetitions 
Table 3.7: Parameter estimates for the V02 slow component during supra-T VENT exercise 
Model 1 is described in Eq. 1. Model 2 is described in Eq. 2. ** p < 0.005 with model 2 
A Sup TV llllSub TV 
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Figure 3.7: The A1 parameter as a function of exercise intensity. 
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3.4 - Discussion 
The main finding of this study was that the V02 slow component was not delayed 
relative to the primary component that begins soon after the start of exercise. This is 
an important finding for interpreting V02 kinetics because it demonstrates the 
mechanisms controlling the slow component are not always of a delayed nature, as 
previously shown by others (Barstow and Mole, 1991 and Paterson and Whipp, 
1991). This raises questions regarding the universal belief of the delayed response 
and also its hypotheses. 
As stated earlier, the V02 response to supra-TvENT exercise differs to the sub-TvENT 
response by the presence of a secondary exponential term (ie. slow component) 
superimposed upon the more fundamental mono-exponential kinetics. The slow 
component has an amplitude ranging from -300 ml/min (Casaburi et al., 1987) to 
values in excess of 1 I/min (Roston et al., 1987) and its onset has been shown to be 
delayed relative to the primary component (Barstow and Mole, 1991 and Whipp and 
Paterson, 1991). However, a cogent argument does not currently exist for the 
delayed nature of the slow component, and it is therefore difficult to accept that this 
phenomenon is generalizable to all people. 
In accordance with the study of Barstow and Mole (1991), the present study also 
examined V02 in well-trained individuals. However, in contrast, in all 6 subjects 
there was no significant difference between Models 1 and 2. Using the Law of 
Parsimony, Model 1 was deemed to be the best fit. In these 6 subjects, the V02 slow 
component was not delayed relative to the onset of exercise. In light of the findings 
of Barstow and Mole (1991), this study suggests that the delay in the V02 slow 
component is not a phenomenon exhibited by all people. 
Reasons for the difference between this study and others (Barstow and Mole, 1991 
and Paterson and Whipp, 1991) remain speculative. We used a similar exercise 
modality, subject characteristics, data acquisition and modelling procedures to 
Barstow and Mole (1991). V02 kinetics have been shown to be significantly faster 
(ie. shorter _) after endurance training (Hickson et al., 1978 and Hagberg et al., 
1980) and it may be possible that training status played a role in the difference 
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between this study and that of Paterson and Whipp (1991) as their subjects were 
untrained. Furthermore, a subsequent paper by Barstow et al. (1996) clearly 
illustrated different response characteristics in V02 kinetics between subjects who 
differ markedly in fibre type distribution from the vastus lateralis. The subject with 
high FT fibres displayed a distinct delayed response, whereas the subject with high 
ST fibres visually displayed no delay. However, this training hypothesis does not 
acknowledge the difference found between this current study and that of Barstow 
and Mole (1991). 
The majority of the V02 slow component (i.e. ~86%) has been shown to arise from 
within the working limbs during cycling activity. Hence, many investigators have 
therefore focussed on mechanisms, which originate from within the working limbs 
that are hypothesised to increase V02. It is unlikely that muscle fibre recruitment is 
responsible for the V02 slow component, for the reasons given above. However, the 
asymmetric recruitment patterns of different muscles involved in mechanical power 
production (Miyashita et al., 1981, Green & Patla, 1992) may contribute to an 
increase in V02. Alternatively, the accumulation of specific metabolites, such as Cr 
and Pi, which contribute to fatigue (Cooke & Pate, 1985), also increase V02 
(Barstow et al., 1994, McCreary et al., 1996, Whipp et al., 1999). Indeed, it may be 
possible that both mechanisms occur simultaneously, subsequently, or not at all. 
Either way, the mechanism(s) primarily responsible for the V02 slow component 
must be adaptable (i.e. reduced) following endurance training (Casaburi et al., 1987, 
Womack et al., 1995). 
The choice of models has been shown to have a significant effect on 5 of the 6 
parameter estimates (excepting _2; Barstow and Mole, 1991). However, in this 
current study, only 2 of the 6 parameter estimates, Ai and Az, were significantly 
different between the two models. From their parameter estimates, Barstow and Mole 
(1991) demonstrated a linear increase of A1 with exercise intensity. This is most 
likely due to the primary component being responsible for all of the early (i.e. <105 
s) increase in V02. In contrast, this current study found the Ai of the sub (2.91 ! 0.21 
l/min) and supra-TvENT (2.89 ! 0.35 l/min) responses were not linearly related to 
work rate (Figure 3.7). The differences found between these two studies may be 
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attributable to the fact that different models demonstrated significance. Clearly, the 
choice of the models has a significant effect upon the interpretation of V02 kinetics 
(i.e. parameter estimates) for both the fast and slow components. 
In conclusion, the presence of the bi-exponential V02 response during supra-TvENT 
exercise within this study is in agreement with previous findings (Barstow and Mole, 
1991; and Paterson and Whipp, 1991). This study demonstrated that the 
commencement of the second exponential term (ie. TD2) was coincident with 
exercise initiation. This is not in agreement with other findings (Barstow and Mole, 
1991; and Paterson and Whipp, 1991) and demonstrates that the apparent delayed 
response of the slow component is not a phenomenon observed in all people. 
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4. 1 - Introduction 
The V02 slow component is cuqently a well-documented phenomenon (Hagberg et 
al., 1978; Casaburi et al., 1987; Roston et al., 1987; Camus et al., 1988; Henson et 
al., 1989; Barstow & Mole, 1991; Poole et al., 1991; Paterson & Whipp, 1991; 
Womack et al., 1995). However, its physiology is poorly understood (Poole et al., 
1994a). The most popular, current hypothesis for the development of the V02 slow 
component is that it is due to the recruitment of type II muscle fibres (Barstow & 
Mole, 1991; Shinohara & Moritani, 1992; Poole et al., 1994a). This hypothesis, 
however, is difficult to accept given that different muscles demonstrate differential 
recruitment patterns (Miyashita et al., 1981; Green & Patla, 1992). It is quite feasible 
the type II muscle fibres are differentially recruited during cycling exercise. 
Shinohara and Moritani (1992) have attempted to clarify the type II muscle fibre 
hypothesis by correlating the IEMG signal from the "lateral portion of the dominant 
quadriceps femoris muscle", with V02 during sub and supra-TvENT cycling activity. 
They found a significant correlation (r = 0.53, p < 0.01) between the IEMG and 
pulmonary V02 responses and concluded that the slow, continued increase in the 
IEMG signal during supra-TvENT cycling was primarily related to an increase in 
motor unit recruitment. Although not doubting this statement, the correlation was 
only based on data from minutes 4 to 7. Moreover, close inspection of their data 
shows that the IEMG signal decreased across the time period expected to coincide 
with the onset of the slow component (i.e. 48 to 188 s; Barstow & Mole, 1991). If the 
V02 slow component is related to type II muscle fibre recruitment, the IEMG signal 
would be expected to increase at this stage (Sale, 1986) rather than decrease as it did. 
Previous studies relating EMG activity to V02 during cycling considered it sufficient 
to examine only one muscle to represent the EMG activity pattern of all muscles 
contributing to mechanical power output (Bigland-Ritchie & Woods, 1974, 1976, 
Shinohara & Moritani, 1992). This assumption, however, does not acknowledge the 
possibility of attributing the rise in V02 (i.e. slow component) to the strategic 
recruitment of other muscles. Within the moderate intensity domain, the major 
contributors to mechanical power production arise from the quadriceps muscle 
group, primarily the vastii muscles (Miyashita et al., 1981). The vastus medialis and 
39 
lateralis muscles have almost identical timing of activity patterns (R2 = 0.993, Ryan 
& Gregor, 1992). As exercise intensity increases towards the heavy and severe 
domains, a greater reliance on the gluteals (Ericson et al., 1985, Green & Patla, 1992) 
and rectus femoris (Miyashita et al., 1981) muscles is observed. In some cases, the 
gluteus maximus muscle increased its EMG activity pattern by -5.5 fold over a 120 
W increase in power (Ericson et al., 1985) and by -40 fold in two subjects during an 
incremental exercise test (Green & Patla, 1992). This strategy of selectively relying 
on different muscle groups at varying exercise intensities may contribute in some 
way to an increase in V02 during high intensity exercise and has not yet been 
investigated. 
The focus of this study was to examine the activation patterns of the major muscles 
involved in cycling and their correlation with the temporal response of V02. It was 
hypothesised that; 1) an increase in exercise intensity would result in an increase in 
IEMG for each muscle, 2) that the magnitude of increase in IEMG would be different 
for each muscle (relative to sub-TvENT levels), and 3) the temporal relationship 
between IEMG and V02 would be similar for sub and supra-T VENT intensity. This 
would therefore challenge the belief that the major muscles recruited during the 
cycling motion are utilised in exactly the same manner. 
4.2 - Methods 
4.2. 1 - Subjects 
The subjects used in this study and their characteristics are described in study 1, 
section 3.2.1. 
4.2.2 - Ergometer Customisation 
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The ergometer was configured and individually customisea as described in study 1, 
section 3.2.2. A potentiometer was attached to the left crank to determine pedal 
displacement within each revolution. The zero position of the potentiometer 
coincided with the determination of least muscle activity within the pedal revolution 
of the right crank, according to previous data (Houtz & Fischer, 1959; Jorge & Hull, 
1986). This was set at -84° (i.e. anticlockwise) from the top dead centre position 
(Figure 4.1) for all subjects. 
TDco· 
180. 
Figure 4.1: The starting position of the crank (-84 °) was determined from the point during the 
pedal revolution which had the least muscle activity, according to previous data, see text. 
4.2.3 - Exercise Protocols 
4.2.3.1 - Constant-Load Exercise Test 
This was conducted as described for study 1. 
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Each subject performed only one trial of the EMG analysis, which, on most 
occasions, coincided with gas analysis testing. The intensities of exercise and time 
frames are discussed in study 1. EMG was collected only for the constant load 
exercise test. 
4.2.4 - Electromyography 
4.2.4.1 - Electrode placement 
Eight electrodes were superficially placed on the right leg of the major muscles 
involved in pedal propulsion. Their placements are described in Table 4.1. 
Table 4.1: Electrode placement 
;so% bfthe distance between. greater trochanter ahCl 
.;s2~thenl0cm inferior. · . . . 
. ·so%.dfthe distance between anterior superior iliac ·· 
spine(.ASIS) and apex of patella, then . 2.5cm· 
inferior 
75% of the distance from ASIS to the anterior 
·aspect of lateral knee joint line 
.75% of the distance between medial knee joint line 
toS2 
30% of the distance from posterior aspect of 
·medial condyle of femur to calcaneal tuberosity 
25% of the distance from lateral knee joint line to 
calcaneal tuberosity 
35%. of the distance from anterior aspect of lateral 
knee joint line to lateral malleolus 
50% of the distance between head of fibula and 
calcaneal tuberosit 
Electrode placements taken from Ericson et al. (1985) 
Prior to electrode placement, each site was determined from the above table and the 
surrounding area shaved and cleaned with alcohol. The sites were re-measured to 
ensure accurate location. The electrode was then firmly attached with double-sided 
adhesive and taped parallel to the direction of the underlying muscle fibres. All 
anatomical landmarks were palpated, measured using a standard measuring tape, 
and were performed in the anatomical position. All electrodes were examined 
during a revolution of the crank to ensure that they were attached above the muscles 
throughout the entire pedal revolution. 
42 
4.2.4.2 - Electromyographic recording 
The raw EMG signal was amplified (5000 x) band-pass filtered (10-250 Hz) and 
collected at 500 Hz. Except for the very first 10 s period, EMG was recorded for the 
first 10 s of every 30 s period (Figure 4.2). 
I lllEMG lllNon-EMG 
~-N~~~~~oo~o-N~~~~~oo~o-N~~~~~oo~o-
~~~~~~~~ ;;;;;;;;;;~~~~~~~~~~~~ 
EMG recording intervals 
Figure 4.2: The time schedule is similar to Figure 3.2. This figure shows the EMG recording 
intervals, which are the first 10 s of every 30 s interval, except for the very first 10 s interval. The 
pre-exercise baseline includes EMG recording intervals #1 - #7, exercise #8 - #23, and post-exercise 
baseline #24 - #31. 
4.2.5 - Data Analysis - Electromyography 
Following full-wave rectification, the data was then integrated for each 10 s 
interval. This process utilised a computer program written in Matlab (Appendix 3). 
This produced a total of 31 data points corresponding to each 30 s interval 
throughout each exercise bout (see Figure 4.2). Within each individual subject, peak 
EMG activity during the cycling exercise was obtained for each muscle. All other 
time frames were then normalised as a percentage of this maximum value. Data was 
then averaged (±SD) over the 6 subjects. 
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4.2.6 - Statistics 
4.2.6.1 - First level of analysis - Determining muscle activation patterns during constant 
load exercise 
Repeated measures two-way ANOV A was used to determine significance of main 
effects with factors intensity (2), duration (16, EMG recording intervals #8 - #23) 
and the interaction (intensity x duration). A Student-Newman-Keuls post hoc 
analysis was also performed. A test for baseline EMG differences between pre and 
post-exercise was also carried out using repeated measures ANOVA. 
4.2.6.2 - Second level of analysis - Comparison of V02 and IEMG patterns during 
constant load exercise 
The V02 data corresponding to the EMG recording schedule (ie. the first 10 s of 
every 30 s period) was averaged to achieve one value for every 10 s period (similar 
to EMG) for each subject. These values were then normalised according to peak 
activity regardless of intensity, within each subject. Data was then averaged (±SD) 
over the 6 subjects to achieve one value representing each respective 10 s time 
frame (similar to EMG). The V02 data was then statistically analysed according to 
the procedure outlined above for the IEMG data. A correlation was then performed 
on the individual, normalised values of V02 and IEMG per muscle. In all cases, 
significance was declared at the p < 0.05 level. 
For the purpose of simplification, the data is segregated into pre-exercise (#1-7), 
exercise (#8-23) and post-exercise (#25-31) domains. Within the exercise domain, 
sub-T VENT and supra-T VENT refers to the respective exercise intensities. Unless 
otherwise stated, the data within the results section refers only to the exercise (i.e., 
#8-23) domain. 
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4.3 - Results 
Based upon the analytical procedures described above, the IEMG patterns for all 
muscles across the low and high intensity exercise periods are shown in Figure 4.3. 
In general, the 50 W pre (#1-7) and post-exercise (#25-31) baseline data 
demonstrated stable IEMG activity for both sub and supra-TvENT workload 
conditions. The introduction of the sub-T VENT workload, at #8, resulted in an increase 
in the IEMG signal above baseline to an almost immediate plateau (#8-11) on most 
occasions. The 50 W post exercise baseline data (#25-31) returned to pre exercise 
levels almost immediately. In contrast, the supra-TvENT intensity immediately elicited 
greater IEMG activity at the onset of the exercise period (i.e., #8), which continued 
to slowly increase until #23 in most muscles. 
4.3. 1 - Effect of exercise intensity on IEMG signal 
The increase in exercise intensity from sub to supra-T VENT resulted in a significant 
increase in the IEMG activity of Med Gast, Sol, Lat Gast, Glut Max and Rect Fem 
muscles (Table 4.2). Of these, four exhibit primarily fast twitch characteristics (Med 
and Lat Gast, Glut Max and Rect Fem), and at least two of these muscles have been 
shown to be primarily involved in higher intensity cycling (Glut Max, Rect Fem). 
Furthermore, three of these muscles arise from the shank (Med Gast, Sol, Lat Gast) 
and three are also bi-articular (Med Gast, Lat Gast, Rect Fem). An increase in 
exercise intensity did not result in significant increases for the IEMG activity of the 
Tib Ant, Med Ham and Vas Lat muscles (Table 4.2). 
Table 4.2: The F statistic and significance levels based upon increases in exercise intensity 
from sub-T VENT to supra-T VENT· 
* denotes p < 0.05 
3.816885 
270.4618 
.161.1071 
157.2051 
36.60832 
3.926286 
3.364075 
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From visual inspection, the increase in IEMG from the sub (-0.7) to supra-TvENT 
(-0.8) intensity for the Vas Lat and Med Ham muscles was only minimal (Figure 
4.3) and not significant (Table 4.2). In contrast, the increase in all other muscles 
appeared to be approximately the same, from -0.5 within the sub-T VENT to -0.8 
within the supra-T VENT· Furthermore, the significant difference of IEMG activity 
between the sub and supra-TvENT intensities for five (Tib Ant, Med Gast, Sol, Glut 
Max and Rect Fem) of the six (Vas Lat) muscles originated early in the exercise 
period (i.e., within the first 1 min 40 s). 
4.3.2 - Effect of exercise duration at sub and supra-T VENT intensity on IEMG 
signal 
There was a significant effect of exercise duration on IEMG for the Tib Ant, Med 
Gast, Sol, Lat Gast, Vas Lat and Rect Fem muscles (Table 4.3). Four of these 
muscles belong to the shank (Tib Ant, Med Gast, Sol and Lat Gast), whereas the later 
two muscles belong to the quadriceps muscle group. The two hip extensor muscles 
(Glut Max and Med Ham) did not demonstrate significant increases in IEMG with 
exercise duration. 
Table 4.3: The F statistic and significance levels based upon an exercise duration effect. 
* denotes p < 0.05 
9.981481 
4.1246 
2.5441 
4.6306 
1.04613 
1.412048 
3.725681 
1.8315 
Within the sub-T VENT intensity, a plateau in IEMG activity from either #8 (Glut Max) 
or #9 (Tib Ant, Med Gast and Rect Fem) recording time interval was achieved in 
most cases. However, after the initial increase, the Sol muscle demonstrated a slow, 
continued decrease in IEMG activity for the entire duration of the exercise bout. In 
contrast, the Lat Gast muscle demonstrated a slow, continued increase in IEMG 
activity for the entire duration of the exercise bout. The Med Ham and Vas Lat 
muscles increased until a peak at approximately mid-duration then decreased slightly 
thereafter. The Vas Lat muscle demonstrated little increase over the pre-exercise 
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baseline. In general, the normalised IEMG activity within the sub-TvENT domain 
plateaued at approximately 0.5 to 0.7 of normalised IEMG. The shank muscles 
displayed a general trend of lower IEMG activity (0.4 to 0.6 max IEMG). 
The IEMG trends for the supra-TvENT intensity were markedly different compared to 
the sub-TvENT intensity. The dominant feature was the presence of a slow, continued 
increase in IEMG activity after #8 for five muscles (Tib Ant, Med Gast, Sol, Lat 
Gast and Glut Max; Figure 4.3). In general, the normalised IEMG activity within the 
supra-TvENT domain continued to rise from approximately 0.6 to approximately 0.9 
of max IEMG throughout the exercise period (#8-23). However, the rate of increase 
was different for each muscle. The Lat Gast and Glut Max muscles appeared to 
increase at a slower rate compared to the others. Furthermore, of the five muscles 
that demonstrated a slow, continued increase in IEMG, four belong to the shank (Tib 
Ant, Med Gast, Sol and Lat Gast) and two are bi-articular (Med and Lat Gast). In 
contrast, the three thigh muscles (Vas Lat, Med Ham and Rect Fem), two of which 
are bi-articular (Med Ham and Rect Fem) demonstrated a delayed plateau in IEMG 
activity (Figure 4.3). Only the Med Ham demonstrated a non-significant interaction 
(Table 4.3). 
Based upon the intensity duration interaction, Tib Ant, Med Gast, Sol, Glut Max, 
Vas Lat and Rect Fem muscles demonstrated significant changes in IEMG activity 
(Table 4.4), as indicated by the asterisk marks in Figure 4.3 for each respective 
muscle. 
Table 4.4: The F statistic and significance levels based upon an intensity duration interaction. 
* denotes p < 0.05 
8;145955 
4.2366 
9.0015 
1.3393 
1.94265 
0.407953 
2.070178 
2.7634 
Of these muscles, four are mono-articular (Tib Ant, Sol, Glut Max and Vas Lat) 
whereas the remaining two are bi-articular (Med Gast and Rect Fem). With three 
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muscles belonging to both the shank and thigh, there appeared no distinct 
relationship between anatomy and increases in IEMG. 
Comparisons of pre and post-exercise baseline data revealed only one muscle (Glut 
Max) to have a significant effect of exercise intensity (p < 0.05), whereas Sol, Lat 
Gast, Glut Max and Vas Lat all demonstrated a significant (p < 0.05) effect based 
upon duration. The Tib Ant, Glut Max, Med Ham and Rect Fem muscles 
demonstrated significance (p < 0.05) based upon the intensity duration interaction. 
4.3.3 - Relation between IEMG and V02 
A correlation between the individual V02 and IEMG data was conducted for each 
muscle based upon the exercise periods only (i.e. #8-23, Figure 4.4). The low 
intensity exercise data revealed four significant, but small correlations (Table 4.5). 
Of these four, there were no distinguishable characteristics among the muscles, 
except that three of the muscles were mono-articular (Tib Ant, Glut Max and Vas 
Lat). However, among the mono-articular muscles, Glut Max was the only one to 
demonstrate a negative relation (r = -0.25), whereas Tib Ant had the highest, positive 
correlation (r = 0.26). The Vas Lat muscle, as suggested earlier to be pred()minantly 
active during low intensity cycling, had the second highest significant correlation (r 
= 0.25). During the high intensity #8-23 exercise period, the Med Gast demonstrated 
the highest correlation (r = 0.59), whereas Vas Lat was the only muscle to 
demonstrate a relatively unchanged activation pattern. All muscles except Vas Lat (r 
= 0.22) demonstrated significant correlations for the high intensity #8-23 exercise 
period (Table 4.5). Again, there were no distinguishable characteristics among the 
muscles that demonstrated a significant correlation. 
To further elucidate the origin of the slow component, the V02 IEMG sub-TvENT 
data was subtracted from the supra-T VENT data (Figure 4.5). This allowed the 
"excess" V02 IEMG data to be treated independent of the more fundamental sub-
T VENT responses. Furthermore, it allowed the #8-23 data to be treated independent of 
the baseline data irrespective of any potential differences between intensities and 
muscles. This showed 
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some differences in correlations obtained (Table 4.5). Based upon the #8-23 data, 
only the two hip extensors, Glut Max (r = 0.08) and Med Ham (r = -0.09), 
demonstrated non-significance (Table 4.5). In this case, the bi-articular Med Ham 
was the only muscle to demonstrate a negative relation (r = -0.09), whereas Glut 
Max had the lowest positive correlation (r = 0.08). The mono-articular Vas Lat 
muscle (#8-23) demonstrated the highest correlation (r = 0.59). Of the muscles that 
demonstrated significance (Tib Ant, Med Gast, Sol, Lat Gast, Vas Lat and Rect 
Fem), four belong to the shank (Tib Ant, Med Gast, Sol and Lat Gast). In contrast, 
the two muscles that did not demonstrate significance (Glut Max and Med Ham) 
were hip extensors. 
Table 4.5: The V02 IEMG correlation coefficients 
0.26171* 
0.101306 
0.065154 
0.215451* 
-0.249799* 
0.227126 
0.252253* 
0.189083 
0.593796* 
0.457956* 
0.524347* 
0.316393* 
0.326476* 
0.221219 
0.447143* 
OA29354* 
. 0.373181* 
0.470699* 
0.329302* 
0.080048 
.-0.091323 
0;585704* 
0.382296* 
"= level of significance for two-tailed test, p < 0.05, df =degrees of freedom, * denotes significance 
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4.4 - Discussion 
The main finding of this study demonstrated different muscles involved in 
mechanical power production are asymmetrically recruited at different intensities of 
cycling. This has important significance for interpreting the muscle activation 
patterns during cycling and also for the subsequent V02 responses. It demonstrates 
the contribution of each muscle to total power output and also to V02 change during 
increasing intensities of exercise. 
As stated earlier, the recruitment of type II muscle fibres is believed to be responsible 
for the V02 slow component. This theory therefore, assumes that the activation 
patterns of all the major muscles involved in pedal propulsion are symmetrical. 
Indeed, data from Shinohara and Moritani (1992) confirm, to some extent, the type II 
muscle fibre recruitment theory. However, close inspection of their data reveals that 
the IEMG signal decreased across the time period expected to coincide with the onset 
of the slow component, thus "uncoupling" the IEMG and V02 relation. Furthermore, 
EMO data during incremental cycle ergometer exercise indicate disproportionate 
increases in some major muscles studied (Miyashita et al., 1981, Green and Patla, 
1992), which raises the hypothesis that the V02 slow component may be, in some 
way linked to the strategic recruitment of specific muscles reserved mainly for high 
intensities. 
The increases in the IEMG signal based upon intensity and duration are considered to 
be primarily due to increases in motor unit recruitment and/or firing frequency (Sale, 
1986). However, determining the independent contributions of motor unit 
recruitment and firing frequency to increases in the IEMG signal is not currently 
possible from surface EMO. Nevertheless, of the muscles examined in this study, the 
soleus (Mori, 1973) and tibialis anterior (Hannerz, 1974) muscles increase their force 
generation primarily through recruitment as firing rate modulation is limited 
(Bellemare et al., 1983). 
It is unlikely that the slow, continued increase in IEMG during the supra-T VENT 
exercise condition is related to the recruitment of type II muscle fibres in all muscles. 
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The vastus lateralis, which is described as a mixed muscle (i.e., -50% ST and -50% 
FT, Barstow et al., 1996) is reported to recruit all available motor units up to -85% 
V02max (Sale, 1986, based upon data from Andersen and Sjogaard, 1976, Vollestad 
and Blom, 1985), beyond which increases in firing frequency account for the 
increase in IEMG. In the current study, the supra-TvENT intensity approximated 95% 
V02max, which, based upon the calculations from Sale (1986), any increase in the 
IEMG from the Vastus Lateralis muscle, would only be due to an increase in firing 
frequency. In contrast, the primary method of force generation (also reported as 
increases in IEMG) within the Soleus muscle is due to motor unit recruitment 
(Bellemare et al. 1983). 
No-one single characteristic, i.e. grouping based upon anatomical position and 
articulation, fully explain the patterns of muscle activation. 
4.4.1 - IEMG and V02 relation 
The temporal patterns of V02 and IEMG for both intensities of exercise are very 
similar, as shown in Figure 4.4. On most occasions, the IEMG signal plateaued 
almost immediately within the sub-T VENT domain and demonstrated a slow continued 
rise during the supra-TvENT domain, which, on both occasions was similar to V02. 
However, it should not be assumed that each muscle contributes to an increase in 
V02 in equal quantity. Increases in the Sol muscle for example, from -0.5 to -0.9 of 
max EMG would not demand as much V02 as for example the gluteus maximus, 
increasing from -0.5 to -0.8 of max EMG, because of the size and fibre type of the 
muscle (Kushmerick et al. 1992). For the same power output, type I muscle fibres, of 
which the Sol largely comprises (Bellemare eta., 1983), generate a lower V02 when 
compared to a muscle composed largely of type II fibres (e.g., gluteus maximus, 
Kushmerick et al. 1992). Therefore, assuming the same relative increase in the IEMG 
signal between two muscles, even based solely on motor unit recruitment, will not 
generate the same increase in V02. 
4.4.2 - Mechanisms 
The major theories of the type II muscle fibre hypotheses associated with the V02 
slow component have been discussed previously (see Section 2.2 - Controlling 
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Mechanisms of the V02 Slow Component and Introduction - Study 2) and 
potentially refuted by existing scientific literature. To a certain extent, this current 
study illustrates the different recruitment patterns involved in sub and supra-T VENT 
cycling and their relation to V02, which has been previously unacknowledged by the 
current literature. Although further studies are warranted, it may be possible that the 
slow component may have some relationship to the activation patterns of the major 
muscles involved in cycling. 
4.4.3 - Conclusion 
In conclusion, the activation patterns of the major muscles involved in cycling and 
their subsequent correlations have been shown to differ with respect to both exercise 
intensity and duration. Based upon the data presented above, it is likely that the 
recruitment of the type II muscle fibres is initiated at the beginning of exercise and 
not after a delay, in most, if not all of the recorded muscles. Furthermore, even-
though two muscles may show the same relative increases in % max IEMG, their 
contribution to pulmonary V02 may be vastly different based upon the size and fibre 
type distribution of each muscle. 
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Chapter 5.0 - Conclusions 
Chapter 2.0 described the V02 slow component to be superimposed upon the more 
fundamental mono-exponential kinetics, and is only present within the heavy and 
severe intensity domains. It also outlined previous studies, which have shown the 
initiation of the slow component to be delayed with respect to the primary 
component. A current hypothesis states the recruitment of type II muscle fibres to be 
primarily responsible for aetiology of the slow component. This hypothesis therefore 
assumes that each active muscle will begin to recruit type II fibres simultaneously. 
Existing evidence demonstrates this is not the case. Therefore, a cogent explanation 
for the slow component demonstrating a delay is not available. By using a similar 
exercise modality, subject characteristics, data acquisition and modelling procedures 
to others Study 1 hypothesised that the V02 slow component would not be delayed 
relative to the primary component. Study 2 hypothesised that the magnitude of 
increase in IEMG would be different for each muscle (relative to sub-TvENT levels). 
Collectively, the two studies would challenge the belief that the V02 slow 
component is delayed relative to the primary component and that muscle fibre 
recruitment (as evident from an increase in IEMG) is symmetrical in all active 
muscles. 
The main finding from study 1 was the V02 slow component was not delayed 
relative to the onset of the primary component of V02. Reasons for the difference 
between this study and other studies is not currently clear. Furthermore, only two of 
the six parameter estimates demonstrated significance between models. This study 
demonstrated that the delay in the V02 slow component is not a phenomenon 
exhibited by all people. 
Study 2 demonstrated the recruitment patterns of the different muscles involved in 
cycling are asymmetric. During the supra-TvENT intensity, some muscles 
demonstrated a slow, continuous increase in IEMG whereas others plateaued. Study 
2 also discussed the fact that the same increase in the IEMG signal for two different 
muscles did not necessarily assume that each muscle contributes to an increase in 
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V02 in equal quantity. Muscle size and fibre type differences largely effect muscle 
V02, and hence pulmonary V02. Similar relative increases in the IEMG signal 
between two muscles should not infer similar increases in V02. 
Collectively, these two studies demonstrated that the V02 slow component is not of a 
delayed nature and that the recruitment patterns of the major active muscles involved 
in cycling are asymmetrical. This finding has not been demonstrated before and 
outlines the fact that the change in muscle activation patterns from sub to supra-
T VENT cycling exercise should be recognised in future literature. 
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Appendix 1 
Informed Consent The investigators conducting this study conform to the 
principles governing the ethical conduct of research and, at all times, will protect the 
interests, comfort and safety of all patients. 
This form and the accompanying Patient Information Package have been given to 
you for your own protection. They contain an outline of the experimental procedures 
and possible risks. 
In signing this consent form you are indicating that; 
1. you have received the Patient Information Package; 
2. you have read its contents; 
3. you have been given the opportunity to discuss its contents with one of the 
investigators prior to participating in this study; 
4. you clearly understand the procedures and possible risks; 
5. you voluntarily agree to participate in this study; 
6. you may withdraw from the study at any moment and it will not jeopardize 
your involvement with QUT. 
I agree to participate in the procedures set out in the Patient Information Package 
relating to the study entitled "Oxygen Consumption and Muscle Activation Patterns 
During Constant Load Exercise". 
Last Name: _________ _ Given name: _________ _ 
Date of Birth: __ ! __ ! __ 
Address: 
Signature: __________ _ Date: 
Name and phone number of person to contact in the case of an emergency: 
Name: ____________ _ Phone: 
Family Phone: ________ _ Doctor: 
Witness: ___________ _ Phone: 
Signature: ___________ _ 
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function [out_data] = nigel(data,parameter,sample_int) 
% 
% Usage: 
% out_data = nigel(data,parameter,sample_int) 
% 
% Where: 
% data: is an the raw data matrix 
% (dummy ,time, vo2/kg, vo2, vco2,rr, ve,tv ,peto2,petco2,feto2,fetco2) 
% parameter: vector of which parameters to process, watts = 1 
% eg. [l 3 8] corresponds to watts, vo2 & ve. 
% default is [ 1 2 3 4 5 6 7 8 9 10] 
% sample_int: the time interval for the interpolated data to be 
% calculated, [first step last], eg [10 10 700] 
% default is [<first time + 5> 10 <last time - 5>] 
% 
% Process a ????? data file for Nigel Smith 
% 
% Created by: Mark Barry 11/9/1998 
% Last Modified: 11/9/1998 
% 
%r 
%c 
% vars 
% sample 
- number rows in input data set 
- number of columns in input data set 
- the number of variables to process 
- vector of time values to which the data is to be interpolated to 
if(nargin<l) 
error('need a data file to process!'); 
end 
[r,c] = size(data); 
if(c<3) 
error('incorrect input data format - expecting 
(dummy,time,watts,vo2/kg,vo2,rer,hr,vo2/hr,rr,ve)'); 
end 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%% 
% Check input paramemters - and set defaults as needed 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%% 
if(isempty(parameter)) 
vars= 1:10; 
else 
vars= parameter; 
end 
length(vars) 
if(isempty(sample_int)) 
sample= [(round(data(l,2)*60)+5): l:(round(data(r,2)*60)-5)]; 
else 
sample= sample_int(l):sample_int(2):sample_int(3); 
end 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%% 
% Main loop 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%% 
res=[]; 
% extract time values, and convert to seconds 
tm = data(:,2)'*60; 
n = length(tm); dl = tm(2)-tm(l); dr = tm(n)-tm(n-1); 
t = [tm(l)-dl*[2 1] tm tm(n)+dr*[l 2]]; 
nloops = length(vars); 
for loop= l:nloops 
y = data(:,vars(loop)+2)'; 
sp = spapi(t, tm, y); 
pp = fn2fm(sp,'pp'); 
pc= fnbrk(pp, [tm(l) tm(n)]); 
vals = fnval(pc,sample); 
% plot(sample,vals); 
% pause; 
res= [res vals']; 
end 
out_data=[sample' res]; 
% Process experiment data 
o2 = nigel(data,[],[]); 
hold off 
plot( o2(:, 1 ),02(:,2), 'r') 
hold on 
plot(data(:,2)*60,data(:,3),'b') 
pause 
hold off 
plot( o2(:,1),o2(:,3), 'r') 
hold on 
plot(data(:,2)*60,data(:,4),'b') 
pause 
hold off 
plot( o2(:, 1 ),02(:,4), 'r') 
hold on 
plot(data(:,2)*60,data(:,5),'b') 
pause 
hold off 
plot( o2(:, l),02(:,5),'r') 
hold on 
plot( data(: ,2)*60,data(: ,6),'b') 
pause 
hold off 
plot(o2(:,1),o2(:,6),'r') 
hold on 
plot(data(:,2)*60,data(:,7),'b') 
pause 
hold off 
plot(o2(:,1),o2(:,7),'r') 
hold on 
plot( data(: ,2)*60,data(: ,8),'b') 
pause 
hold off 
plot( o2(:, 1 ),o2(: ,8), 'r') 
hold on 
plot(data(:,2)*60,data(:,9),'b') 
pause 
hold off 
plot( o2(:, 1 ),o2(: ,9), 'r') 
hold on 
plot(data(:,2)*60,data(:,10),'b') 
pause 
hold off 
plot( o2(:,1),o2(:, 10), 'r') 
hold on 
plot( data(:,2)*60,data(:,11),'b') 
pause 
hold off 
plot(o2(:,1),o2(:,l 1),'r') 
hold on 
plot( data(: ,2)*60,data( :, 12),'b') 
save o2.dat o2 -ascii 
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%EMGNigel 
% 
Appendix 3 
% Program to input raw EMG from Nigel Smith's V02 slow component 
% study and to calculate IEMG from rectified EMG data. 
% The data are organised such that there are 31 10 second trials. 
% Data were recorded for 10 s every 30 s starting at 30s. 
% Data were recorded for a total of 16 minutes. 
% Minutes 1 to 4: warm up at 50 Watts 
% Minutes 5 to 12: 80% of threshold subTVent (low intensity) 
% OR 75% between max and 
threshold (high intensity) 
% Minutes 13 to 16: warm down at 50 Watts 
% 
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ident=['Potentio'; 'Tib Ant •; 'M Gast '; 'Soleus '; 'L Gast ';'Glut 
Max'; 'Med Ham ';'Vas Lat '; 'Rect Fem']; 
%Read file which contains list of files to be analysed. 
%Each file is equal to 1 trial. 
%There are 31 trials to analyse 
[fname,pname]=uigetfile('*.txt', 'Input Data',0,0); 
filename=[pname,fname]; 
fidl=fopen(filename, 'rt'); 
eofstat=feof(fidl); 
dfname=fgetl(fidl); 
head=dfname; 
nt=O; 
%Read each trial in sequence. For each trial integrate the EMG 
activity 
%for each muscle over the whole trial length. 
%There are 8 muscles. One trial is 10s duration and 5000 samples 
(500Hz). 
while (eofstat-=1), 
fid2 = fopen([pname dfname], 'r'); 
filename=[pname,dfname]; 
nt=nt+l; 
[Nl,N2,N3,N4,N5,N6,N7,N8,N9]=textread([pname dfname], '%f %f %f 
%f %f %f %f %f %f'); 
fclose(fid2); 
%Data organised in order of: 
%Tib Ant;M Gast;Soleus;L Gast;Glut Max;Med Ham;Vas Lat;Rect 
Fem 
edata(:,1:8)=[N8,N6,N7,N5,Nl,N4,N3,N2]; 
potentiometer 
emgint(nt, :)=trapz(abs(edata)); 
%integrate data 
eofstat=feof(fidl); 
dfname=fgetl(fidl) 
end %while 
plotans=input('Plot data(Y/N) ? > ', 's') 
if plotans=='Y' I plotans == 'y', 
%EMG data only-no 
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%Plot Integrated Data for each muscle on a separate subplot 
for the 31 data points. 
label 
figa(nt)=figure; orient tall; whitebg('w'); 
for i=l:8, 
subplot(4,2,i) 
head=ident(i+l, :) ; %graph title skipping potentiometer 
title{head); 
plot(emgint(1:31,i), 'k') 
hold on 
xlabel { 'Trial ' ) ; 
ylabel (head) ; 
end 
for i=9:16, 
end 
subplot(4,2,i-8) 
plot(emgint{32:62,i-8), 'r: ') 
end %PLOTANS 
%Output data in ASCII format for import into Statistica I Excel 
outans=input('Output data to file (YIN) ? > ', 's') 
if outans=='Y' I outans == 'y', 
[fname,pname]=uiputfile('*.*', 'SAVE AS',0,0); 
outfilename=[pname,fname]; 
fid=fopen(outfilename, 'w'); 
for i=l:8, %low intensity 
fprintf(fid, '%8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f 
%8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f 
%8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f 
%8.2f %8.2f\n', ... 
emgint(l:31,i)); 
end 
for i=l:8, %high intensity 
fprintf(fid, '%8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f 
%8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f 
%8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f %8.2f 
%8.2f %8.2f\n', ... 
emgint(32:62,i)); 
end 
fclose(fid) 
end %0UTANS 
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